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INTRODUCTION

Lung cancer is the second most commonly diagnosed cancer
and the leading cause of cancer-related deaths worldwide,
with an estimated 2.2 million new cases and 1.8 million
deaths in 2020. Of the global new cases of lung cancer in
2020, about 37% were in China, and among the deaths due

Background: Breast cancer 1 (BRCA1) and breast cancer 2 (BRCA2) tumor suppres-
sor genes play crucial roles in DNA repair and regulation of transcription. Mutations
in these genes are closely associated with the occurrence of cancers. However, the
mutation status of BRCA gene in central south Chinese lung cancer patients remains
unclear, and its expression levels in lung cancer also need to be further explored.
Methods: In this study, we use next-generation sequencing (NGS) technology to ana-
lyze the BRCA genes mutations in 462 central south Chinese lung cancer patients.
Public databases including cBioportal, Catalogue Of Somatic Mutations In Cancer
(COSMIC), The Cancer Genome Atlas (TCGA), Human Protein Atlas (HPA) and
Expression Profiling Interactive Analysis (GEPIA) are also applied to explore the
expression level and mutation status of BRCA in lung cancer patients and their rela-
tionships with the prognosis.

Results: We found that the mutation rate of BRCA1/2 in central south Chinese lung
cancer patients is 4.3% and 6.5% respectively, and missense mutations account for the
majority in both BRCA1/2, which are similar to the international status of BRCA1/2
from public databases. In addition, 45 novel mutations of BRCA1/2 in lung cancer are
reported in this study. Furthermore, we find that the BRCA2 mutations are negatively
correlated with overall survival rate in lung cancer using cBioportal. Last, we demonstrate
that both of the mRNA and protein levels of BRCA1/2 are upregulated in lung cancer,
and the elevated mRNA expression levels are positively linked with poor prognosis.
Conclusion: In general, our study better complements knowledge of the BRCA1/2
mutation status in the Chinese lung cancer patients, and firstly reveals the association
between BRCA1/2 expression levels and prognosis of lung cancer patients, which may
provide great value for the early diagnosis and clinical treatment of lung cancer.
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to lung cancer, Chinese cases account for about 39.8%." Due
to lack of early detection procedures and rapid development
of the disease, most patients are diagnosed with last-stage
disease with low survival rates, and the 5-year survival rate
remains under 20% despite improvements in surgery and
chemotherapy.” Therefore, further exploration of the patho-
genesis and drug resistance mechanisms of lung cancer to
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look for accurate methods for early diagnosis and precision
treatment is urgently needed.
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Gene mutations in cancer are becoming important bio-
markers for cancer treatment selection and are well-targeted
for cancer drug resistance.>* As the lung is the organ most
exposed to exogenous DNA damaging factors, including
tobacco smoking, lung cancer normally contains high
somatic mutation loads.” There has been a lot of research on
common mutations in lung cancer, such as EGFR, TP53,
and KRAS, and these studies are promising for improving
patient prognosis.””® However, studies on the mutations of
DNA repair genes such as homologous repair genes in lung
cancer are still needed.

Breast cancer 1 (BRCA1) and breast cancer 2 (BRCA2)
are important tumor-suppressor genes that participate in
the DNA repair processes through homologous recombina-
tion, rescuing stalled or damaged DNA replication forks,
and regulation of cell cycle DNA damage checkpoints.'®
Their mutations lead to defects in homologous recombina-
tion that destabilize the genome and lead to the occurrence
and development of many cancers, including breast, ovarian,
pancreatic, prostate, and especially lung.'"""” Thus, poly
(ADP-Ribose) polymerase 1 (PARP1) inhibitors such as ola-
parib, niraparib, rucaparib, and talazoparib, which block
DNA damage repair, have excellent performance against
BRCA-mutated cancers, both germline and somatic.'®**
Although the state of BRCA mutations is closely related to
the effect of cancer treatment, few studies have explored the
frequency and clinical significance of BRCA mutations in
Chinese lung cancer patients, and the relationships between
BRCA mutations and prognosis of lung cancer patients are
also unknown. Moreover, BRCA shows high expression
levels in many cancers such as breast cancer and ovarian
cancer,”*** but its expression levels in lung cancer and its
specific impact on the patient prognosis of lung cancer still
remain unclear.

To address this limited knowledge, we performed this
study using next-generation sequencing (NGS) and clinical
information to investigate the prevalence and clinical signifi-
cance of the BRCA1/2 mutation in 462 lung cancer patients
from central south China, and further used public databases
to analyze the mutation state of BRCA1/2 and the expres-
sion levels of BRCA genes impact on the survival rate in
lung cancer. Moreover, we utilized immunohistochemistry
(IHC) from the Human Protein Atlas and TCGA database
to explore the expression levels of BRCA genes in lung can-
cer and its effect on the prognosis of lung cancer patients.

PATIENTS AND METHODS
Patients and samples

Four hundred and sixty-two patients who were diagnosed
with lung cancer and received treatment in Xiangya Hospital
of Central South University were nonselectively included in
the BRCA1/2 mutation test. Clinical information including
gender, age, and histology types was collected. Written
informed consent was obtained from all patients.

BRCA1/2 testing

DNA isolation and targeted sequencing were performed at
Burning Rock Biotech, a commercial clinical laboratory
accredited by the College of American Pathologists (CAP)
and certified by the Clinical Laboratory Improvement
Amendments (CLIA). Tissue DNA was extracted from
formalin-fixed, paraffin-embedded tumor tissues using a
QIAamp DNA formalin-fixed paraffin-embedded tissue kit
(Qiagen). Fragments between 200 and 400 bp from the
sheared tissue DNA were purified (Agencourt AMPure XP
Kit; Beckman Coulter), hybridized with capture probes baits,
selected with magnetic beads, and amplified. Target capture
was performed using a commercial panel consisting of
68/168/520 genes (OncoScreen Plus). The quality and the
size of the fragments were assessed by high-sensitivity DNA
kit using Bioanalyzer 2100 (Agilent Technologies). Indexed
samples were sequenced on Nextseq 500 (Illumina) with
paired-end reads and average sequencing depth of 1000x
for tissue samples.

Mutation analysis from public databases

Catalogue Of Somatic Mutations In Cancer (COSMIC)
and BioPortal were used to analyze the mutations of
BRCA genes in lung cancer. All operations were per-
formed according to the online instructions of cBioPor-
tal and COSMIC.

Immunohistochemistry

The Human Protein Atlas was used to analyze differences in
BRCA gene protein expression levels between lung cancer
tissues and normal lung tissues.

Statistical analysis

Kaplan-Meier plots were used to analyze the prognostic
values of BRCA genes in lung cancer, and statistical sig-
nificance was assessed by log-rank test. GraphPad Prism
8.3.0 software was used to perform statistical analyses.
Differences in clinical information were determined
using the chi-square test and Student’s t-test was used
to determine the significance of differences between two
groups. p value <0.05 was considered to be statistically
significant.

RESULTS
Patient characteristics

The patients were from Xiangya Hospital of Central South
University. The total of 462 patients was composed of
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FIGURE 1 Analysis of BRCA1/2 mutations in Chinese lung cancer patients. (a, b) The distributions of mutations on BRCA1 (a) and BRCA2 (b).

(c) The proportion of different types of mutations in BRCA1/2

286 (61.9%) males and 176 (38.1%) females with a median
age of 60 years. The vast majority of patients (377, 81.6%)
were diagnosed with adenocarcinoma, followed by squa-
mous cell carcinoma (75, 16.2%), two patients (0.4%) had
large cell carcinoma (LCC) or small-cell lung cancer
(SCLC), and the remaining patients (6, 1.3%) had

unspecified types (Supporting Information Table S1).
Among these 462 lung cancer patients, we identified
47 patients who had a median age of 61 years with BRCA
mutations, 26 males and 21 females. Adenocarcinoma
remained the highest proportion among these BRCAm
carriers (Supporting Information Table S2).
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Prevalence of BRCA1/2 mutations

In the 462 Chinese patients with lung cancer, we detected
10.2% (47/462) of patients with BRCA mutations. The
mutation rate of BRCA1 was 4.3% (20/462), which is lower

TABLE 1 Relationship between BRCA mutations and clinical
characteristics
BRCA mutations
Characteristics N wild Mutant p
Gender
Male 286 260 (90.9%) 26 (9.1%) 0.327
Female 176 155(88.1%) 21 (11.9%)

Age (years)

<40 17 16(941%)  1(5.9%)  0.087

40-49 66 54 (81.8%) 12 (18.2%)

50-59 138 130 (94.2%) 8 (5.8%)

60-69 175 157 (89.7%) 18 (10.3%)

270 66 58 (87.9%) 8 (12.1%)
Histology

Adenocarcinoma 377 341 (90.5%) 36 (9.5%) 0.245

than the 5.8% (191/3279) reported in COSMIC, but a little
higher than the 3.4% (279/8187) reported in cBioportal.
Similarly, the 6.5% (30/462) of patients with BRCA2 muta-
tions was also lower than the 7.9% (258/3262) BRCA2
mutation rate from COSMIC, but higher than the 4.1%
(338/8187) presented in cBioportal. These results indicate
that lung cancer patients from central south China had simi-
lar BRCA mutation rates to the international level. In addi-
tion, there was 0.7% (3/462) of patients with both BRCA1
and BRCA2 mutations (Supporting Information Table S1).
A predominance of BRCA2 mutations (63.8% vs. 42.6%)
was found in central south Chinese patients (Supporting
Information Table S2).

The distribution of mutations on BRCA1/2 is shown
in Figure 1 and the detailed mutation status is presented
with clinical information in Supporting Information
Table S3. From the mutation distributions of the BRCA
genes, we found no particular distribution hotspots, which
was also observed in a previous study of pathogenic
gBRCAm in Chinese non-small-cell lung cancer (NSCLC)
(Figure la,b).?® What surprised us was that, as far as we
knew, we observed 45 novel mutations of BRCA not found
previously in COSMIC, cBioportal, and related literature
(Supporting Information Table S3). In addition, among

Squamous cell carcinoma 75 66 (88%) 9 (12%) the BRCA1 mutations, we observed five types of muta-
Large cell carcinoma 2 1(50%) 1 (50%) tions, and the proportions of missense mutation (12/23),
Small cell lung cancer ) 2 (100%) 0 (0%) i{ltro mutation (4/23), cn._amp (3/.23), synonymous muta-
Not specified . 5@33%)  1067%) tion (2/23), and frameshift mutation (2/23) were 52.17%,
17.39%, 13.04%, 8.7%, and 8.7%, respectively (Supporting
(a) Color Mutation type No. of patients (%)
_ Nonsense substitution 17 (8.90%) ‘
Missense substitution 134 (70.16%) ‘
Synonymous 26 (13.61%) pa——
- substitution ‘
_ Inframe insertion 0(0.00%)
Frameshift insertion 1(0.52%) Gene BRCA1
Inframe deletion 0(0.00%) Primary site lung
Frameshift deletion 3(1.57%) Mutated samples 191
Comples mutation 0 (0.00%) Sample tested 3279
- Other 3(1.57%)
Total unique samples 191
(b) Color Mutation type No. of patients (%)

Nonsense substitution 24 (9.30%)

Missense substitution 185 (71.71%)

PN

‘

I
Synonymous 26 (10.08%)
- substitution »
Inframe insertion 2 (0.78%)
- Frameshift insertion 5 (1.94%) Gene BRCA2
Inframe deletion 0 (0.00%) Primary site |ung FIGURE 2 Analysis of
Frameshift deletion 7 (2.71%) Mutated samples 258 BRCA1/2 mutations using
Comples mutation 0 (0.00%) Sample tested 3262 COSMIC. (a, b) The proportion of
- Other 9 (3.49%) different types of mutationis in
Total unique samples 258 BRCAL1 (a) or BRCA2 (b) in lung

cancer samples from COSMIC
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(c) or BRCA2 (d)

Information Figure Sla). Seven types of mutations showed
in the BRCA2 mutations, including missense mutation
(19/32, 59.38%), stop gained mutation (4/32, 12.5%), syn-
onymous mutation (3/32, 9.38%), cn_amp (2/32, 6.25%),
intron mutation (2/32, 6.25%), cn_del (1/32, 3.12%), and
inframe deletion (1/32, 3.12%) (Supporting Information

Figure S1b). The missense mutation was the most frequent
mutation in BRCA1, BRCA2 or BRCAl and BRCA2
(Figure 1c). Moreover, four patients had multiple
BRCA1/2 mutations (n > 2), and one mutation in BRCA2,
p-T1302A was detected in two different patients
(Supporting Information Table S3).
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FIGURE 4 Evaluation of the mRNA expression levels of BRCA1/2 in lung cancer. (a, b) TCGA analysis of the mRNA expression level of BRCA1/2 in
LUAD samples (n = 535) and corresponding normal lung tissues (n = 59) (a) or LUSC samples (502) and corresponding normal lung tissues (n = 49) (b).
(c) GEPIA analysis of the mRNA expression level of BRCA1/2 in LUAD based on pathological stage

Clinicopathological characteristics

The relationship between BRCAm and clinical characteris-
tics is summarized in Table 1. When all histologies were
analyzed together, females showed a little higher frequency
of BRCA mutation compared with males (11.9% vs. 9.1%).
Within different age groups, the highest mutation rate was
found in patients aged 40-49 years, reaching 18.2%, and
patients with an onset of disease before 50 were more likely
to have BRCA mutation than those 50 years old or older
patients (15.7% vs. 9.0%), consistent with earlier reports.26’27
The lung adenocarcinoma (LUAD) subgroup showed lower

mutations than any other histology subgroup (9.5%
vs. 12.9%). However, all these analyses had no statistically
significant difference, and this problem possibly be solved
by increasing the sample sizes.

BRCA1/2 mutations in lung cancer from public
databases

The COSMIC database was used to analyze the BRCA gene
mutation, and the specific mutation type ratio is shown in
Figure 2. It can be seen that the missense mutation of
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BRCA1/2 is the most common mutation type in lung can-
cer, with proportions of 70.16% in BRCAI and 71.71% in
BRCA2, which is similar to what we found in our study. In
addition, the BRCA1 mutation rate was 5.8% (191/3279)
and 7.9% (258/3262) of lung cancer samples had BRCA2
mutations (Figure 2a,b). We analyzed the alteration frequen-
cies of BRCA genes in lung cancer using cBioportal. A total

of 29 studies on lung cancer with 8187 samples were
included in this database. The overall mutation rate of
BRCA1 was 3.4% (279/8187), and 4.1% (338/8187) of these
samples showed BRCA2 mutations. Among 279 mutations
in BRCAI, 228 of which were missense mutations, 30 were
truncating and inframe mutations and nine were other types
of mutations. There were 338 mutations in BRCA2, of which



v | WILEY.
(a) o

YAN ET AL

Overall Survival

Overall Survival

- — Low BRCA1 TPM 3 — Low BRCA2 TPM
—— High BRCA1 TPM —— High BRCA2 TPM
Logrank p4=040027 Logrank _p=0AOZ7
© | HR(high)=1.9 © HR(high)=1.6
) P(HR)=0.0031 ) P(HR)=0.028
= n(high)=120 B n(high)=120
2 © n(low)=120 2 © n(low)=120
g o] g o
@ @
- -
£ X s 2
<)
5 | 5 °
o o~ L.
o =}
=)
S 1 LUAD 2 LUAD
T T T T T T T T
50 100 150 200 250 50 100 150 200 250
Months Months
(b) Overall Survival - Overall Survival
o
: — Low BRCA1 TPM - — Low BRCA2 TPM
i " High BRCA1 TPM - — High BRCA2 g?sﬁ
Logrank p=0.6 ogrank p=0.
g N HR(high)=0.9 g HR;TES;igZ;
p(HR)=0.6 1R)=0.
= n(high)=121 © n(high)=121
2 © n(low)=121 2 © n(low)=121
g o] g o
2 @
i 4
S < s X
8 o 3 ©
3 @
[ o
N N
o | =}
S S
S LUSC S LUSC
I I 1 I | ]
0 50 100 150 50 100 150
Months Months
(c) Overall Survival Overall Survival
=)
,Q.' —— Low BRCA1 TPM kL — Low BRCA2 TPM
—— High BRCA1 TPM — High BRCA2 TPM
Logrank p=0.025 Logfanlf p=0.12
o | HR(high)=1.4 ) HR(high)=1.2
o P(HR)=0.026 o p(HR)=0.12
= n(high)=241 ® n(high)=239
2 n(low)=241 2 © n(low)=239
g o g o]
3 3
= L
s 2 s X
o
g ° S
o o
o | o
=)
& - Total S - Total
1 1 | 1 | T T 1
0 50 100 150 200 250 0 50 100 150 200 250

Months Months

FIGURE 6 Survival analysis of BRCA1/2 in lung cancer. (a-c) Kaplan-Meier curve showing the overall survival rate of LUAD (a), LUSC (b) or lung
cancer samples (c) classified by expression of BRCA1 or BRCA2 by GEPIA.

missense mutations (256/338) accounted for the majority
and 54 were truncating mutations (Figure 3a,b). Further-
more, we investigated the effects of BRCA mutations on the

prognosis of lung cancer patients using cBioportal, and the
results showed that BRCA2 mutation was closely associated
with poor prognosis (Figure 3¢,d).
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Expression level and prognostic significance
analysis of BRCA1/2 in lung cancer

The mRNA expression levels of BRCA1/2 in 31 kinds of can-
cers were analyzed by GEPIA, and the results showed that
BRCA expression levels were higher in most cancers
(Supporting Information Figure S2a,b), including LUAD and
lung squamous cell carcinoma (LUSC) (Figure 4a,b), than in
corresponding normal tissues. Moreover, the expression of
BRCA was positively correlated with the pathological stage of
LUAD samples (Figure 4c), but not LUSC samples
(Supporting Information Figure S3a,b). We used data from
GSE6044  (Supporting Information Figure S4a) and
GSE40275 (Supporting Information Figure S4b) to demon-
strate that the expression levels of BRCA1/2 were also ele-
vated in SCLC. In addition, IHC experiments on clinical
samples obtained from lung cancer patients further con-
firmed that the protein expression level of BRCA1/2 was ele-
vated in lung cancer (Figure 5). We performed survival
analysis to investigate the impact of BRCA1/2 on the survival
rate of lung cancer patients. The results showed that the high
expression levels of BRCA1/2 were negatively correlated with
overall survival rate of LUAD patients (Figure 6a), but not in
LUSC (Figure 6b), and BRCA1 was linked with poor progno-
sis of all lung cancer patients (Figure 6c¢).

DISCUSSION

To the best of our knowledge, our study is the first and larg-
est NGS-based BRCA1/2 mutation prevalence study with
detailed clinical information in lung cancer patients from
central south China. In this study, we found that 10.2% of
cases had BRCA1/2 mutations, with a predominance of
BRCA2. The mutation rate was similar to a previous study
of BRCA1/2 mutation (12.3%) in Chinese NSCLC patients,
and the predominance of BRCA2 also occurred in that
study.”® In addition, the BRCA1/2 mutation frequency in
central south Chinese lung cancer patients was similar to
the international level. The public databses also showed that
among all kinds of mutations, the missense mutation
accounted for the largest proportion in these lung cancer
patients. Moreover, to our knowledge, we found 45 novel
mutations which had not been found in literature and public
databases and may be unique to the central south Chinese
population. We reveal that the mutation of BRCA2 is associ-
ated with poor prognosis of lung cancer patients using cBio-
portal, indicating that BRCA2 may play an important role in
the tumorigenesis and development of lung cancer.

Previous studies had shown that BRCA mutations,
which are strongly linked to the development of many can-
cers, such as breast, ovarian and pancreatic cancers, can lead
to younger onset and be treated as therapeutic targets.”* >
However, the role of BRCA mutations in lung cancer
patients from central south China was unclear. This study
showed that patients with BRCA mutations tended to be
younger, and up to 15.7% of lung cancer patients aged 40-

49 had BRCA1/2 mutations, consistent with earlier studies
in the literature.”>*” Patients with adenocarcinoma exhibited
the lowest rate of BRCA mutations. Although these conclu-
sions are not statistically significant, they have certain refer-
ence value for the diagnosis and clinical treatment of lung
cancer.

As crucial genes in DNA repair and transcriptional reg-
ulation, BRCA genes are significantly upregulated in vari-
ous cancer types, such as breast cancer, ovarian cancer, and
glioma, and are closely associated with poor prognosis.”**
However, the expression level of BRCA in lung cancer and
its impacts on the prognosis of lung cancer patients needs
to be further explored. In the present study, we demon-
strated that BRCA1/2 are highly expressed in lung cancer.
Moreover, the high mRNA expression levels of BRCA were
negatively correlated with overall survival rate in lung can-
cer, as showed by survival analysis, indicating that
BRCA1/2 may serve as potentially important targets for
cancer therapy.

There are some deficiencies in this study that need to be
improved. First, there are many other identified cancer sus-
ceptibility genes whose mutations played a key role in the
progression of lung cancer, but we were limited to studying
the role of BRCA mutations in lung cancer. Second, due to
the lack of NGS results of corresponding normal tissue sam-
ples, we were unable to identify somatic and germline muta-
tions of BRCA1/2. Finally, more clinical information, such
as smoking status, treatment, and family history, needs to be
collected to improve this study.

In conclusion, our study is probably the largest survey
of the mutation status of BRCA genes in central south Chi-
nese lung cancer patients. We reveal that the state of BRCA
gene mutation in these patients is similar to the interna-
tional level, and the increased expression levels of BRCA
genes in lung cancer are associated with poor prognosis.
This study complements knowledge of the BRCA1/2 muta-
tion rate in Chinese lung cancer patients, deepening our
understanding of BRCA mutations, and may provide a
research basis for the treatment of lung cancer by targeting
BRCA mutations.
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